We consider a downlink multiuser massive MIMO system comprising multiple heterogeneous base stations with hybrid precoding architectures. To enhance the energy efficiency of the network, we propose a novel coordinated hybrid precoding technique, where the coordination between the base stations is aimed at exploiting interference as opposed to mitigating it as per conventional approaches. We formulate an optimization problem to compute the coordinated hybrid precoders that minimize the total transmit power while fulfilling the required quality of service at each user. Furthermore, we devise a low-complexity suboptimal precoding scheme to compute approximate solutions of the precoding problem. The simulation results reveal that the proposed coordinated hybrid precoding yields superior performance when compared to the conventional hybrid precoding schemes.
I. INTRODUCTION
N ETWORK densification and massive MIMO are two major pillar technologies of 5G networks [1] - [3] . In the network densification technique, each cell is deployed with multiple small base stations (BSs), e.g., micro BSs and pico BSs, along with the conventional macro BS [4] , [5] . Due to the differences in features of the BSs such as the number of antenna elements and transmit power budget, such networks are called heterogeneous networks (HetNets). The BSs in the HetNets reuse the spectrum, which results in increased spectral efficiency and network throughput [6] . A major challenge associated with the HetNets is the severe interference from a BS to users of the other BSs in a cell, as a consequence of the overlapping BS coverage areas [3] , [7] . This inter-BS interference, if not carefully controlled, can drastically reduce the overall network capacity. To address this challenge, the coordinated scheduling is proposed in the literature, where the BSs communicate over the backhaul links and coordinate with each other to limit the interference [8] , [9] . To further enhance the data rates, joint transmission with coordinated precoding is developed [10] , [11] . In this technique, the precoding is Manuscript performed jointly at multiple BSs to maximize the signal-tointerference-plus-noise ratio (SINR) at the users.
In the massive MIMO systems, the BSs are equipped with hundreds of antennas [12] , [13] . The degrees of freedom resulting from the large antenna array can be used to form spatially selective beams using the precoding technique [14] . This technique enhances the signal powers at the intended users and reduces the interference powers at the unintended users. To reduce the hardware costs of massive MIMO systems, the hybrid analog-digital precoding architecture [15] - [18] is proposed, as shown in Fig. 1 . Unlike the conventional fullydigital precoding (FDP) [19] , [20] , which requires a dedicated radio frequency (RF) chain for each antenna, the hybrid precoding requires fewer RF chains than the antenna elements. Even though hybrid precoding substantially reduces the hardware cost, inadvertently it also reduces the degrees of freedom for precoding and hence increases the transmit power when compared to the conventional FDP [21] . To overcome this shortcoming, power efficient constructive interference (CI)based precoding [22] - [26] has been extended to the hybrid precoding architecture [27] , [28] . In the CI-based precoding, the knowledge of the channel state information and transmit symbols of all users is exploited to pre-equalize the transmit signals, such that the received signal at each user lies in the respective CI-region, that is the region in the constellation that is further away from the decision bounds. In this way, the interference inherent in the transmission is exploited constructively. A CI-region is separated from the corresponding decision boundaries by a threshold-margin Γ, which controls the resulting quality of service (QoS), as illustrated in Fig. 2 .
The CI-precoding techniques in the literature do not trivially apply to the HetNet scenario. In this letter, we extend the CI-based hybrid precoding to the joint transmission in a HetNet in order to exploit the inter-BS interference for enhancing energy efficiency. We assume that the BSs in the network are connected to a central controller via low-latency backhaul links [8] , [9] , [29] . The central controller gathers the spatial signatures characterizing the channels between the 1558-2558 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. BSs and the users, and compute the hybrid precoders for all the BSs to serve the users jointly. An optimization problem is formulated to compute the CI-based hybrid precoders that minimize the total transmit power while achieving the required QoS at each user. Since the resulting problem is a nonconvex problem and difficult to solve optimally, we devise a suboptimal three-stage procedure to compute the coordinated hybrid precoders efficiently. As part of this procedure, mixed-integer linear problems are constructed to judiciously assign the RF chains to the users for continuous-valued and codebook-based analog precoding scenarios. Finally, the numerical results are provided to compare the performance of the proposed coordinated hybrid precoding with that of the conventional hybrid precoding schemes.
II. SYSTEM MODEL
We consider a multiuser downlink MIMO system comprising a set of G {1, . . . , G} heterogeneous BSs. Each BS is equipped with multiple antenna elements in a fullyconnected hybrid precoding architecture. Let N g represent the number of antenna elements and R g indicate the number of RF chains at the g-th BS, where R g ≤ N g . The power budget at the g-th BS is denoted by P g . Let K {1, . . . , K} denote a set of K single antenna users in the network. The total number of RF chains from all the BSs, represented by R total , is assumed to be larger than or equal to the number of users, i.e., R total g∈G R g ≥ K. Let R {1, . . . , R total } denote the set of all RF chains in the network. Moreover, g r ∈ G is the index of the BS that contains the r-th RF chain, ∀r ∈ R. The transmit symbol intended for the k-th user is denoted by s k , which is drawn from uniformly distributed M -PSK symbols. 1 The threshold-margin at the k-th user to achieve a requested QoS is denoted by Γ k .
Let A g ∈ C Ng ×Rg represent the analog precoding matrix at the g-th BS comprising R g analog precoders of length N g . Without loss of generality (w.l.o.g.), we assume that all PSs have an identical magnitude, which is denoted by a. The complex value of the PS that connects the r-th RF chain to the n-th antenna at the g-th BS is denoted by a gnr = ae jφgnr . The vector d gk indicates the digital precoder applied on symbol s k at the g-th BS. The channel vector between the g-th BS and the k-th user is denoted by h gk ∈ C Ng×1 . The received signal at the k-th user from all the BSs is given by
where n k stands for the additive white Gaussian noise at the k-th user with zero-mean and variance σ 2 .
III. PROPOSED SOLUTION
In this letter, we aim to jointly compute the analog precoding matrix A g and digital precoders d gk , ∀k ∈ K, ∀g ∈ G that minimize the total transmit power while fulfilling the threshold-margin requirements of all users. An optimization problem to compute the corresponding precoders based on the CI-based precoding approach can be formulated as [27] , [28] 
where
In the above problem, the objective function (2a) minimizes the total transmit power. The constraints in (2b) force the nominal received signal at each user in the system to the respective CI-region. 2 The constraints in (2c) limit the total transmit power at each BS to the respective power budget. The constraints in (2d) administer the constant magnitude property of the analog precoding coefficients. 3 By substitutingh gk s * k h gk and treating the composite precoding term K m=1 d gm s m as a single precoder b g , the problem (2) can be reformulated as
The above problem is nonconvex and difficult solve due to the following reasons: 1) The bilinear coupling between optimization variables A g and b g , and 2) the nonconvex domain of the constant modulus variables a gnr . To address this challenge, we propose to solve this problem suboptimally by performing the following tasks sequentially: 1) The RF chain assignment, 2) the analog precoding, and 3) the digital precoding.
A. RF Chain Assignment
In this stage, each RF chain in set R is assigned to a single user in set K such that each user in the network has atleast one dedicated RF chain. Here, we consider two scenarios based on the type of analog precoding employed at the BSs, namely, continuous-valued analog precoding, and codebookbased analog precoding.
• Continuous-Valued Analog Precoding: When the hybrid precoding architecture is equipped with the fullresolution PSs, the continuous-valued analog precoding is performed at the BS [31] . For the RF chain assignment in this scenario, firstly, we compute a channel gain matrix Q ∈ R Rtotal×K that comprises the composite channel gains between the RF chains and the users. The composite channel gain between the r-th RF chain and the k-th user is defined as q rk ||h gr k || 2 . Subsequently, we assign the RF chains to the users such that the total channel gain in the system is maximized while maintaining fairness among all users. The corresponding problem is formulated as a mixed-integer linear program (MILP) given by
In the above problem, the optimization matrix α is a binary matrix of size R total × K, whose element α rk = 1 when the r-th RF chain is assigned to the k-th user, and α rk = 0 otherwise. The first term in the objective function represents the total channel gain of the system. The second term corresponds to the minimum sum channel gain among all users, which is denoted by τ . The constant is a scaling factor, which strikes a trade-off between the total channel gain and fairness among the users. The constraint (4b) confirms that an RF chain is not assigned to multiple users. The constraint (4c) enforces that at-least one RF chain is assigned to every user. The constraints in (4d) administer fairness among the users. The above problem can be solved using tools such as CVX (with integer-capable solves, e.g., Gurobi, MOSEK) [32] . • Codebook-Based Analog Precoding: In this scenario, we assume that each BS comprises the codebookbased hybrid precoding architecture [33] , [34] . Let C g indicate the codebook at the g-th BS. We define a set C C 1 ∪ . . . ∪ C G , which comprises codes from all the BSs. Let C total #{C} denote the total number of codes in set C, and C [c 1 , . . . , c Ctotal ] be the codebook matrix. Moreover, the set C {1, . . . , C total } indicates the set of indices of codes in C, and the set C g comprises the indices of codes of C g in set C. The index of the BS that contains the code c c ∈ C is represented by g c . Now, we construct a channel gain matrixQ ∈ R Ctotal×K comprising the channel gains between the codes in set C and the users in set K. The channel gain between the c-th code belonging to the g c -th BS and the k-th user is given byq ck c T c h gck 2 . The problem of assigning the codes to the users in order to maximize the total channel gain in the system while maintaining fairness among the users can be formulated as the following MILP.
In the above problem, the constraints in (5e) confirm that the number of codes selected from a BS is smaller than the number of RF chains available in that BS. The objective function and the other constraints play the same role as their counterparts in problem (4) . Similar to problem (4), this problem can be solved using general purpose MILP solvers, e.g., Gurobi.
B. Analog Precoding
In the second stage, the analog precoding matrix is computed based on the RF chain assignment. In the continuousvalued analog precoding case, any suitable method, such as the CPC method [27] , can be employed to compute the analog precoders based on the channel vectors between the RF chains and their associated users. For example, if α rk = 1, then the elements of the analog precoder a r are chosen according to a gr nr = ae −∠h gr ,k,n . In the case of codebook-based analog precoding, the analog precoders at each BS are determined by the solution of problem (5) . For example, at the g-th BS, the codes from C g for which α ck = 1, ∀c ∈ C g , ∀k ∈ K form the analog precoding matrix, i.e.,Â g {c c | α ck = 1, ∀c ∈ C g , ∀k ∈ K}.
C. Digital Precoding
For a given analog precoding matrixÂ g , problem (3) can be readily reformulated as a convex optimization problem. The resulting problem is solved using e.g., CVX, to compute the digital precoder b g at the g-th BS, ∀g ∈ G. 
IV. NUMERICAL RESULTS
For the simulation, we consider a HetNet comprising one macro BS and two identical pico BSs. The macro BS is equipped with N macro = 64 transmit antennas, and the pico BSs are equipped with N pico = 32 transmit antennas each. The number of RF chains at the macro BS R macro = 32 and at the pico BSs R pico = 16. There are K = 64 users deployed in the network. The path loss between the macro BS and users is modeled as PL macro (dB) = 128.1 + 37.6 × log 10 (d) and the path loss between a pico BS and users is modeled as PL pico (dB) = 140.7 + 36.7 × log 10 (d), where d is the distance between a BS and a user in kilometers [35] . Rayleigh small-scale fading is assumed. Noise power at each user is σ 2 = −60 dBm. The optimization problems are solved by employing CVX with Gurobi solver [32] . The results are averaged over 10,000 Monte Carlo runs. Figure 3 plots SER vs. total transmit power (in dBm) achieved by the following schemes 4 : the proposed coordinated CI-based hybrid precoding with continuousvalued analog precoding (Coord. CI (continuous)), the proposed coordinated CI-based hybrid precoding with codebook-based analog precoding (Coord. CI (codebook)), the coordinated schemes with continuous and codebook-based analog precoding followed by conventional interference suppression-based zero-forcing technique (Coord. ZF (continuous/codebook)) as digital precoding [31] , and the conventional uncoordinated CI-based hybrid precoding with continuous-valued analog precoding 5 (Uncoord. CI (continuous)). The figure demonstrates that the coordinated CIbased hybrid precoding techniques result in significantly better performance when compared to the considered conventional hybrid precoding schemes. Due to the severe inter-BS 4 For the coordinated CI-based methods, firstly, we compute the hybrid precoders for various TNR values. Subsequently, we calculate the total transmit power of the corresponding hybrid precoders. For the ZF-based methods, we fix the power budget in advance. Subsequently, we compute the hybrid precoders and numerically estimate the average SNRs. Finally, using the empirical relationship between SNR/TNR and SER given in Fig. 10 of [28] we compute the corresponding SERs for both CI-based and ZF-based methods. 5 In this scheme, each user is associated with the BS that provides the highest SINR value [36] . After the user association, each BS computes the CI-based hybrid precoders for its users independently [27] , [28] . interference the performance of the uncoordinated precoding scheme is extremely poor (with an increase in transmit power, even though useful signal power increases, the inter-BS interference increases as well). We also notice that the continuous-valued analog precoding, which requires expensive full-resolution PSs for the implementation, yields superior performance over the relatively-inexpensive codebook-based analog precoding in both CI-based and ZF-based methods.
A. SER Performance

B. Coordination Overhead Analysis
We quantify the coordination overhead incurred on network backhaul due to the coordinated precoding in terms of number of precoding coefficients and transmit symbols transmitted from the central controller to all BSs. Let Δ denote the number of OFDM symbol duration over which the channel is coherent. When the CI-based method employs an analog precoding scheme that is independent of the transmit symbols [28] , the number of analog precoding coefficients to be transmitted in the case of CI-based and ZF methods is N g × R g , ∀g ∈ G over Δ symbol duration. The CI-based method needs to transmit R g digital precoding coefficients (i.e., vector b g , which also constitutes the transmit symbols) to the g-th BS for every symbol duration. In the case of ZF method, R g × K digital precoding coefficients need to be sent once for every Δ symbol duration and K symbols for every symbol duration to the g-th BS, ∀g ∈ G. Accordingly, the total amount of information exchanged in the CI-based method is significantly smaller than that in the case of ZF method, as depicted in Figure 4 .
V. CONCLUSION
In this letter, we proposed a coordinated CI-based hybrid precoding technique to serve the users jointly by all BSs in a HetNet. We formulated an optimization problem for computing the CI-based hybrid precoders with the smallest transmit power to fulfill the required QoS. To solve the problem efficiently, we devised a three-stage suboptimal scheme. In the first stage, the RF chains are assigned to the users. We formulated optimization problems for the RF chain assignment to maximize the total channel gain and maintain fairness. In the subsequent stages, the analog precoding and digital precoding are performed. The simulation results revealed the superior performance of the proposed scheme over the conventional hybrid precoding schemes.
